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Abstract 

A new type of electromagnetic radiation by a neutrino with non-zero magnetic 
(and/or electric) moment moving in background matter and electromagnetic field 
is considered. This radiation originates from the quantum spin flip transitions 
and we have named it as "spin light of neutrino" {SLv). The neutrino initially 
unpolarized beam (equal mixture of ul and vr) can be converted to the totally 
polarized beam composed of only ur by the neutrino spin light in matter and 
electromagnetic fields. The quasi-classical theory of this radiation is developed on 
the basis of the generalized Bargmann-Michel-Telegdi equation. The considered 
radiation is important for environments with high effective densities, n, because 
the total radiation power is proportional to n 4 . The spin light of neutrino, in 
contrast to the Cherenkov or transition radiation of neutrino in matter, does 
not vanish in the case of the refractive index of matter is equal to unit. The 
specific features of this new radiation are: (i) the total power of the radiation 
is proportional to 7 4 , and (ii) the radiation is beamed within a small angle 
58 ~ 7~ x , where 7 is the neutrino Lorentz factor. Applications of this new type 
of neutrino radiation to astrophysics, in particular to gamma-ray bursts, and the 
early universe should be important. 

There exist at present convincing evidences in favour of neutrino non-zero mass and 
mixing, obtained in the solar and atmospheric experiments (see for a review on the 
status of neutrino oscillations). Apart from masses and mixing non-trivial neutrino 
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electromagnetic properties such as non-vanishing magnetic, //, and electric, e, dipole 
moments are carrying features of new physics. It is believed that non-zero neutrino 
magnetic moment could have an important impact on astrophysics and cosmology. 

It is well known [2] that in the minimally extended Standard Model with 577(2)- 
singlet right-handed neutrino the one-loop radiative correction generates neutrino mag- 
netic moment which is proportional to neutrino mass 



where /io = e/2m is the Bohr magneton, m u and m are the neutrino and electron 
masses. There are also models [3] in which much large values for magnetic moments 
of neutrinos are predicted. So far, the most stringent laboratory constraints on the 
electron neutrino magnetic moment come from elastic neutrino-electron scattering ex- 
periments: fi Ue ^ 1.5 x 10~ 10 /io More stringent constraints are obtained from 
astrophysical considerations [5]. 

In this paper we study a new mechanism for emission of photon by the massive 
neutrino in presence of matter, assuming that the neutrino has an intrinsic magnetic 
(and/or electric) dipole moment. This phenomenon can be expressed as a process 



that is the transition from a flavour neutrino in the initial state to the same flavour 
neutrino plus a photon in the final state. The mechanism under consideration can 
be also effective in the case of neutrino transitions with change of flavour if neutrino 
transition moment is not zero. 

Different other processes characterized by the same signature of Eq.(J2J) have been 
considered previously: 

i) the photon radiation by massless neutrino {vi — > Uj + 7, % = j) due to the vacuum 
polarization loop diagram in presence of an external magnetic field (HIE!; 

ii) the photon radiation by massive neutrino with non-vanishing magnetic moment 
in constant magnetic and electromagnetic wave fields [HE]; 

iii) the Cherenkov radiation due to the non-vanishing neutrino magnetic moment 
in homogeneous and infinitely extended medium which is only possible if the speed of 
neutrino is larger than the speed of light in medium [TTHITT] ; 

iv) the transition radiation due to non-vanishing neutrino magnetic moment which 
would be produced when the neutrino crosses the interface of two media with different 
refractive indices [T ^ fTS ] : 




(1) 



v 



v + 7 



(2) 
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v) the Cherenkov radiation by massless neutrino due to its induced charge in 
medium [13] : 

vi) the Cherenkov radiation by massive and massless neutrino in magnetized medium 
H3H9; 

vii) the neutrino radiative decay (z/j — > Vj + 7, z 7^ j) in external fields and media 
or in vacuum [TZlIIHlIiniEOlEl] . 

The process we are studying in this paper has never been considered before. We 
discover a mechanism for electromagnetic radiation generated by the neutrino mag- 
netic (and/or electric) moment rotation which occurs due to electroweak interaction 
with the background environment. It should be noted that generalization to the case 
of a photon emission by neutrino due to the neutrino transition magnetic moment is 
straightforward. If neutrino is moving in matter and an external electromagnetic field 
is also superimposed, the total power of this radiation contains three terms which orig- 
inate from (i) neutrino interaction with particles of matter, (ii) neutrino interactions 
with electromagnetic field, (iii) interference of the mentioned above two types of inter- 
actions. This radiation can be named as "spin light of neutrino" (SLu) in matter and 
electromagnetic field to manifest the correspondence with the magnetic moment depen- 
dent term in the radiation of an electron moving in a magnetic field. A review on the 
spin light of electron can be found in [22] • Whereas the radiation of a neutral particle 
moving in external electromagnetic field in the absence of matter has been considered 
previously starting from [22] , the mechanism of radiation produced by interaction with 
matter is considered in this our paper for the first time. It should be emphasize that 
the neutrino spin light can not be described as the Cherenkov radiation. 

The SLv in the background matter ( similar to the radiation by neutrino moving 
in the magnetic field [8]) originates from the quantum spin flip transitions — > ur. 
Within the quantum approach the corresponding Feynman diagram of the proposed 
new process is the standard one-photon emission diagram with the initial and final 
neutrino states described by the "broad lines" that account for the neutrino interaction 
with matter (given, for instance, by the effective Lagrangian of Eq.Q below). In 
this paper we develop the quasi-classical approach to the radiation process when the 
neutrino recoil can be neglected. This approach is valid for a wide range of neutrino 
and photon energies that could be of particular interest for different astrophysical and 
cosmological applications. For example, if the initial neutrino energy is about 10 MeV 
the allowed range of the radiated photon energies span up to gamma-rays. 
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We should like also to emphasize here that the initially unpolarized neutrino beam 
(equal mixture of active left-handed and sterile right-handed neutrinos) can be con- 
verted to the totally polarized beam composed of only ur due to the spin light in 
contrast to the Cherenkov radiation which can not produce the neutrino spin self- 
polarization effect. 

Our approach is based on the quasi-classical Bargmann-Michel-Telegdi (BMT) 
equation [21] 

^ = 2^\F^S V - u^UvF^Sx)} + 2e[P^S u - /(u„r A S A )}, (3) 

that describes evolution of the spin 5* M of a neutral particle with non-vanishing mag- 
netic, /i, and electric, e, dipole moments in electromagnetic field, given by its tensor 
F^ v 1 . This form of the BMT equation corresponds to the case of the particle moving 
with constant speed, (3 = const, = (7,7/3), in presence of an electromagnetic field 
F^. The spin vector satisfies the usual conditions, S 2 = — 1 and S^u^ = 0. Note that 
the term proportional to e violates T invariance. 

In our previous studies |2oTI2Tj (see also ) we have shown that the Lorentz invari- 
ant generalization of Eq.fJS} for the case when effects of neutrino weak interactions are 
taken into account can be obtained by the following substitution of the electromagnetic 
field tensor F^ u = (E, B): 

FfXV ► E^y F^y -\~ G^ U} (4) 

where the tensor G^ v accounts for the neutrino interactions with particles of the envi- 
ronment. The derivation of the quasi-classical Lorentz invariant neutrino spin evolution 
equation taking into account general types of neutrino non-derivative interactions with 
external fields is given in [2H]- Within the quantum approach the neutrino spin flip 
under the influence of different types of interactions was also considered in [30J. 

In evaluation of the tensor we demand that the neutrino evolution equation 
must be linear over the neutrino spin, electromagnetic field and such characteristics of 
matter (which is composed of different fermions, / = e, n, p...) as fermions currents 

Jf = ( n f, n fVf), (5) 

^^Within this approach neutrino spin relaxation in stochastic electromagnetic fields without account 
for matter effects was considered in |25| . 
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and fermions polarizations 



n fVf{(fVf) 



Xl=\n f (CM,n f C f Jl-v}+ 1 7^ ■ (6) 



— » — * 

Here n/, {7/, and Q (0 ^ ^ 1) denote, respectively, the number densities of 

the background fermions /, the speeds of the reference frames in which the mean 
momenta of fermions / are zero, and the mean values of the polarization vectors of the 
background fermions / in the above mentioned reference frames. The mean value of the 
background fermion / polarization vector, Q, is determined by the two-step averaging 
of the fermion relativistic spin operator over the fermion quantum state in a given 
electromagnetic field and over the fermion statistical distribution density function. 
Thus, in general case of neutrino interaction with different background fermions / we 
introduce for description of matter effects antisymmetric tensor 

where 

= yj p if fl + pfVl , g m» = E ( f fl + ^aj, (8) 

/ / 

(summation is performed over the fermions / of the background). The explicit ex- 
pressions for the coefficients p^p'^ and could be found if the particular model 
of neutrino interaction is chosen. For example, if one consider the electron neutrino 
propagation in moving and polarized gas of electrons within the extended standard 
model supplied with S'C/(2)-singlet right-handed neutrino vr, then the neutrino effec- 
tive interaction Lagrangian reads 



L eff 



-rfa-^")* ( 9 ) 

where 

r = ^((l + 4sin 2 MJe A1 -A^). (10) 

In this case the coefficients p^p'^ are 

{1) _Gf_ (2) __Gf_ , v 

where G F = G F (1 + Asm 2 9 w ). 
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In the usual notations the antisymmetric tensor G^ v can be written in the form, 

G^=(-P, M), (12) 



where 



M = i{ (g ( o ] P - -fix g {2) ]}, P = -i{(g^P - ^ 2) ) + [P x 



(2), 



(13) 



It worth to note that the substitution (J3J) implies that the magnetic .B and electric 
fields are shifted by the vectors M and P, respectively: 



B^B + M, E^E-P. 



(14) 



We should like to emphasize here that precession of the neutrino spin can originate 
not only due to neutrino magnetic moment interaction with external electromagnetic 
fields but also due to the neutrino weak interaction with particles of the background 
matter. This is a very important point for understanding of the nature of the neutrino 
spin light in non-magnetized matter. In order to demonstrate how the neutrino spin 
procession appears in the background matter we consider below the neutrino spin 
evolution in matter in the absence of electromagnetic fields. We start with Eq.Q 
and for simplicity neglect the neutrino electric dipole moment, e = 0. Then, in the 
absence of external electromagnetic field, we get the neutrino spin evolution equation 
in non-moving matter: 



dr 



2^\g^S v -u^u v G" x S x )Y 



(15) 



The tensor is given by Eqs.(J7J),(|BJ) and ([lip. For the further simplifications we 
consider unpolarized (Aj = 0) matter composed of only one type of fermions, so that 
there is now summation over / in definition of g^ 1 ^ and we shall omit the index /. 
Then we get 

/o 



Ps 

\o -p 2 





-A 



Pi 



\ 

A 
-Pi 
o / 



(16) 



where P = (Pi, P2, P3) is the neutrino three-dimensional speed. It is easy to show that 



u v G v ^ 



(17) 
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and from (|15|1 we get the equation for the neutrino spin evolution in unpolarized and 
non-moving matter: 

dS^ 

-j- = (18) 
dr 

In the laboratory reference frame the corresponding equation for the three-dimensional 
neutrino spin is 

^ = 2^n[Sx(3]. (19) 

If neutrino is propagating along the OZ axis, (3 = (0,0,/?), then solutions of these 
equations for the neutrino spin components are given by 

S 1 = cos ut, S 2 = sin out, S 3 = Sg, S° = S°, (20) 

where 

u = 2/ip (1) n/3, (21) 

Sq and Sq'° are constants determined by the initial conditions. 

From the above consideration it follows that if the initial neutrino state is not 
polarized longitudinally in respect to the neutrino momentum then the neutrino spin 
precession in the background matter always occurs. In its turn, a neutrino with pro- 
cessing magnetic momentum have to emit electromagnetic radiation. This is just the 
radiation which we have called the spin light of neutrino. 

Recently we have derived the total radiation power of a neutral unpolarized fermion 
with anomalous magnetic moment [31] 2 ■ In that derivation we have supposed that 
the spin dynamics of a neutral particle is governed by the Bargmann-Michel-Telegdi 
equation and that the energy of the radiated photons is much less than the particle 
energy. Now in order to treat the electromagnetic radiation by the neutrino moving 
in background matter and electromagnetic field we use the substitution prescription 
of Eq.(|3J) and for the total radiation power get (for simplicity the case of T-invariant 
model of neutrino interaction is considered hereafter) 

16 r ~ ~p x ~ i 

/ = y^ 2 [4(/i 2 ! i p £"X« ff ) 2 + MV E Xa u^. (22) 



2 The generalization to the case of neutrino with non-zero electric dipole moment in electromagnetic 
field can be found in 021 
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We also get for the solid angle distribution of the radiation power : 



^ = [4(^ p ^ A E A(J ^) 2 + (fi 2 u p E E Xa u°)] (ul) 2 + 

+4(fi 2 u p EP x E Xa u°)([iu p EP x l x ) 2 + { t xu p E X l x ) 2 + 



(23) 



here 



+4fi 2 (fm p EP x l x )e^ x UpE ua u^E p su 8 h 



■ 1 / 2 e iJ.yaf}E al3 is the dual tensor E^, = (1, Z) and Z is the unit vector 



[IV 

pointing the direction of radiation. The derivatives in the right-hand side of Eqs.| 
and ()23|) are taken with respect of proper time r in the rest frame of the neutrino. 

Using Eqs. (fl~4|) and (}22|) we find the total radiation power as a function of the 
magnetic field strength in the rest frame of the neutrino, Bq, and the vector Mo which 
accounts for effects of the neutrino interaction with moving and polarized matter: 

. 16 



where 



B n 



7 [B A 



7 



5|| + Vl-7 



E\ x n 



(24) 



(25) 



M = Mo + M 0± , 



(26) 



M 



M n 



7/3 



n 



(i) ! 



Ve/3 



r 



i + ^/T^j 2 I i - r 



;/ ' : ' J - / (1) . (2) (Ce^e 



and no is the invariant number density of matter given in the reference frame for which 
the total speed of matter is zero. 

It is evident that the total radiation power, Eq.(J2U), is composed of the three 
contributions, 

I = I F + I G + I FG , (29) 

where I F is the radiation power due to the neutrino magnetic moment interaction with 
the external electromagnetic field, Iq is the radiation power due to the neutrino weak 



Ce ± P 



(2). 



(27) 



(28) 
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interaction with particles of the background matter, and Ifg stands for the interference 
effect of electromagnetic and weak interactions. It should be pointed out that the 
electromagnetic contribution Ip to the radiation of a neutrino (or a neutral fermion) 
in different field configurations has been considered in literature (see, for example, 
( [2SllHlin]) 5 whereas the contribution to radiation by neutrino moving in matter, Iq, 
and also the interference term Ipo have never been considered before. 

These three types of neutrino radiation have common nature: they originates as 
effects of the neutrino interactions with the external electromagnetic field and back- 
ground matter under which the neutrino spin is rotating. As it has been pointed 
out above, the discussed here radiation cannot be treated as the neutrino Cherenkov 




and transition [12*1113] radiations. Contrary to the Cherenkov and tran- 



sition radiations the considered new type of neutrino radiation is not forbidden when 
the refractive index of photons in the background environment is equal to n™' = 1. 
In order to highlight this distinction we consider here the particular case of n r ^ = 1, 
however generalization to the case n™* > 1 is straightforward. 

One of the most important properties of the SLv in the background matter is the 
strong dependence of the total radiation power on the density of matter, 

Ig ~ < (30) 

The total radiation power, Eq. (j24|) . contains different terms in respect to depen- 
dence on the neutrino magnetic moment \x. If we consider non-derivative terms and 
compare contributions to the neutrino spin light radiation power from the interaction 
with matter and electromagnetic field we come to the conclusion that, as it follows 
from Eq. (jll|) . the ratio Iq/If is proportional to fi~ 4 . From Eq. (j24j) it is also obvious 
that the ratios of the radiation power in matter with varying density (in varying elec- 
tromagnetic fields) to the radiation power in matter with constant density (in constant 
electromagnetic fields) are proportional to /i 2 . Accounting for smallness of the neutrino 
magnetic moment, it follows that the proposed new mechanism of neutrino spin light 
radiation could be efficient in the environments with varying densities of matter (with 
varying electromagnetic fields). 

We consider at first the SLv in presence of constant density matter and constant 
magnetic field. For definiteness we assume that the spin light radiation is produced 
by the electron neutrino v e moving in unpolarized (( e = 0) matter composed of only 
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electrons. Then for the total spin light radiation power we get 



(B ± + -J3,| + - #?e) - -np (1) tT e± ) 2 l 2 , (31) 



where the terms proportional to 7 2 in the brackets are neglected. Here we use the 
notation, 

n = R = , (32) 

V 1 - V e 

B± t \\ are the transversal and longitudinal magnetic field components in respect to the 
neutrino motion, v± is the transversal component of the matter speed in the laboratory 
frame of reference. From Eq. (j31)l it follows that the correlation term Ifg is suppressed 
in respect to the terms Ip and Iq by the presence of additional neutrino Lorentz 
factor. That is why there is a reason to compare contributions to the radiation power 
produced by the neutrino interaction with matter which is moving longitudinally with 
non-relativistic speed, v <C 1, 

/ G = yA 4 (V^) 4 , (33) 

and the contribution to the radiation power produced by the interaction with the 
transversal magnetic field 3 , 

I F = yAX- (34) 

Note that from Eq. (j33j) it follows that in the case of the standard model, when the 
neutrino magnetic moment is proportional to its mass, and constant neutrino speed 
the radiation power goes with the neutrino mass squared, as one might expect. If we 
take B^ ~ 3 x 10 5 G and n ~ 10 23 cm -3 that corresponds to the case of the solar 
convective zone and p Ue ~ 10~ 18 po, then we get that the matter term in the spin light 
exceeds the transversal magnetic field term by a factor of ~ 2 x 10 26 . With increasing 
of the neutrino magnetic moment due to the inverse proportionality p^ 1 ' ~ /i" 1 the 
ratio Ig/If decreases and becomes equal to unit only for p Ue ~ 3 x 10~ 12 p . 

Let us turn to consideration of the contribution to the SLv that is generated by 
the neutrino interaction with matter of varying density. We again assume that matter 
is composed of electrons and neutrino interaction with matter is given by Lagrangian 
of Eq.Q. Since h e = 7/3 Vn e , we get for the total power of the neutrino spin light in 
this case 

I G = j^V j^G> e 4 + G% [0V)n e ] 2 \. (35) 



3 This our result is smaller by a factor 1/2 relative to the result of [221 for the radiation power of 
the polarized neutral particle. 
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If we consider the case of moving and polarized matter then the effective number 
density depends on the value of the total mater speed v e and polarization ( e , as well 
as on neutrino speed j3 and correlations between these three vectors (see 



n„ 



= ( (1 - (1 + 4 sin 2 e w )~ l lv e ) (1 - 0v e ) 
1 - v 2 e I 

(C e V e ) 0V, 



-(l+4sin 2 ^) X >fi-v* 



1 + y^T^ 



c 



0(1) 



(36) 



Using Eqs. (J23|) and (}35|) for the solid angle distribution we get 

= ^ J g{t " 4 (1 - /3cos^)- 3 - 7 " 6 (1 - /3cos^)- 4 + i 7 " 8 (1 - /^costf)" 5 }- (37) 

From the last formula it follows that the SLv is strongly beamed and is confined within 
the cone given by 59 ~ It should be noted here that this is a common feature 
of different contributions to the neutrino spin light radiation which is the inherent 
property of radiation by ultra-relativistic particles. 

In conclusion, we have discovered a new mechanism of the electromagnetic radiation 
emitted by a neutrino with non- vanishing magnetic moment moving in the background 
matter and external electromagnetic field ("spin light of neutrino"). The generalization 
to the case of a neutrino with non- zero electric dipole moment is just straightforward. 
Our general new result is the prediction of a new type of electromagnetic radiation 
that is emitted by a massive neutral particle with non- vanishing magnetic (and/or 
electric) moment moving in the background matter. The SLv originates from the 
quantum spin flip transitions. Therefore, the initially unpolarized neutrino beam can 
be converted to the totally polarized beam composed of only right-handed neutrinos 
Vr in the considered radiation process if the right-handed neutrinos are sterile states, 
i.e. do not interact with the background environment. 

We have also developed the quasi-classical theory of the SLv that is valid in the 
case when the neutrino recoil can be neglected or when the energy of the radiated 
photon is less than the neutrino energy. 

The considered radiation must be important for environments with high effective 
densities, n, because the total radiation power is proportional to n 4 . It is also shown 
that the SLv is strongly beamed in the direction of neutrino propagation and is confined 
within a small cone given by 59 ~ The total power of the SLv is increasing with 
the neutrino energy increase and is proportional to the fourth power of the neutrino 
Lorentz factor, I ~ 7 4 . It is also possible to show that the average energy of photons 
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of the spin light in matter is 




(38) 



Thus, the spin light emission rate in this case is proportional to 7 2 , 



(39) 



From these estimations we predict that the SLv is effectively produced if the neutrino 
energy and matter density are large. Such a situation can be realized in the dense 
matter of the early Universe. 

It is interesting to compare the rate of the SLv in matter with the rate of the 
Cherenkov radiation in magnetic field that is widely discussed in literature (see, for 
example, PE]). First of all, in contrast to the Cherenkov and transition radiations by 
neutrino, the spin light is produced by neutrino even in the case when the refractive 
index of photons in the background matter is equal to n™* = 1. Let us compare the 
rate of the neutrino spin light, Eq. (j39|) . with the rate of the Cherenkov radiation in 
magnetic field given by formula (25) of Ref. JH]- If the magnetic field is less than the 
electron critical field, B < B = 4.41 x 10 13 G, the ratio of the two rates is 



for the two sets of neutrino energy, strength of magnetic field and density of matter: 

1) p = 10 MeV, B = 10- 4 B , n = 10 30 cm- 3 , 

2) po = 1 MeV, B = 10- 3 B , n = 10 31 cm" 3 . 

In both cases we take the neutrino mass equal to m v = 1 eV and magnetic moment 
equal to /x = 0.3 x 10~ 10 /io that is near the present experimental limit for the electron 
neutrino. The neutrino spin light rate also dominates over the Cherenkov radiation 
rate in strong magnetic field (B Bq) if the matter density is increased to the level 
of n ^ 10 33 cm -3 . However, for such densities, neutrino magnetic moment and energies 
in the range span from 1 MeV to 10 MeV the quantum approach [34J to the SLv 
has to be used. If we consider the case of much higher density, n = 10 37 cm -3 , and 
smaller magnetic moment, \x = 0.3 x 10~ 16 /io, and neutrino energy po = 1 MeV then 




(40) 



where po is the neutrino energy. This ratio is equal to 
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(41) 
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the quasi-classical approach to the spin light is valid and the ratio of the two rates is 
given again by Eq. (j41j) . Thus, we predict that the spin light of neutrino can be more 
effective than the neutrino Cherenkov radiation if the density of matter is rather large. 

The spin light of neutrino together with the synchrotron mechanism of radiation by 
charged particles, should be important for understanding of astrophysical phenomena 
where powerful beams of gamma-rays are produced. One of the possible examples 
could be the gamma-ray bursts. 

We would like to thank Leo Stodolsky for helpful discussions. 
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